Engineers are constantly challenged to develop advanced products to meet more demanding emissions and fuel economy targets. In the past 20 years the automotive industry has greatly improved vehicle fuel efficiency by detailed engine component design improvement and formulating compatible lubricants, heavily relying on the computer based analytical tools. The sophistication and other complexity of these tools are growing rapidly. It is therefore important that the models, on which these techniques are based, are validated and continually improved by experimental techniques.
INTRODUCTION
The performance of the main components of an internal combustion engine piston assembly, valve train and engine bearings, depend upon the modes of lubrication they are operating in. To understand the interaction between surfaces and lubricating oil and to validate any predictive friction model, very accurate friction force data is required, and to obtain this, sophisticated experiments need to be carried out.
For the validation of FLAME engine friction model the engine total and component friction measurement was carried out on a single cylinder Ricardo Hydra gasoline engine under fired conditions at crankcase lubricant inlet temperatures of 24°C, 40°C, 60°C and 80°C. The friction was measured at engine speeds of 800rpm (¼ load), 1500rpm (½ load) and 2000rpm (½ load) using an SAE 0W20 lubricant. The design of the single cylinder Ricardo Hydra gasoline engine is based on a real engine, a GM 2.0 litre Cavalier engine.
The predicted results were compared with the experimental data generated under realistic conditions. The engine camshaft friction is measured via a specially designed cam pulley torque transducer [1] . The pis ton assembly friction is measured using the well known IMEP method with the help of an advanced data acquisition system [2] and the total engine friction loss is determined via a PV diagram. By measuring simultaneously the above mentioned parameters, engine bearing friction power loss is calculated as all the auxiliaries are independently and externally driven [3] .
ENGINE FRICTION MODEL
The engine friction model called "FLAME" consists of three parts , piston assembly friction, valve train friction and engine bearing friction. Although the camshaft friction model is structured to analyse nearly all types of cam/follower arrangements, discussion here is confined to the direct acting cam and flat faced follower used in the engine under study. The model calculates the maximum Hertzian contact pressure and the dimensions of the contact area at the cam/follower interface. Dowson's theory is used to determine EHL (elastrohydrodynamic lubrication) film thickness at the interface. As the friction force is proportional to the velocity gradient at the solid boundaries, the sliding friction force is calculated. Short bearing mobility method is used to predict the camshaft bearing friction. The follower/guide friction is modeled for both boundary and full fluid film lubrication condition. Although the friction force between the valve stem and its guide is small, it has also been included in the model for completeness. The details of the valve train friction model can be found in [1] .
To predict the performance of the piston assembly friction, each component was analysed separately. The lubrication analysis of the compression ring required detailed understanding of all the forces acting on it. The so-called orifice and volume theory is used to predict the inter-ring gas pressure. Reynolds equation is used to determine the film thickness at the compression ring/liner interface. The oil control ring friction is calculated assuming that it operates in the boundary lubrication regime. The piston skirt friction is determined using a simple concentric model and a more comple x model incorporating piston secondary motion. The details of the piston assembly friction model can be found in [2] .
The engine bearing friction model is evaluated using the Short Bearing Mobility Method and the Finite Width Method. The predicted results have been generated for both full film and ruptured film lubrication condition. Predicted results were also generated using the Petroff equation for steady loaded bearing. The detail of this model is given in [3] . 
RESULTS
Comparing experimental and predicted data for camshaft friction, figure 1 , the model predicted friction of the same order as the experimental data. However, there was a much reduced sensitivity to engine speed and temperature in the predictions. Detailed comparison of friction coefficients from theory and experiment show encouraging correlation but also indicate that some oil may leak from the hydraulic lash adjuster during the cam event, reducing spring compression and hence the geometric torque.
For the piston assembly friction model validation, it is concluded that the predicted results correlate very well with the measured data at all engine speeds and lubricant temperatures. Figure 2 shows the comparison at engine speed 2000rpm. The piston skirt friction was predicted using both a concentric piston/liner and the more realistic method incorporating piston secondary motion. It was seen that the former over-predicted friction due to high shear loss whereas the results obtained by the latter method were better correlated to the measured data. Figure 3 shows the comparison between experimental and predicted results at engine speed 1500rpm, using the short bearing theory and the Petroff equation. The bearing friction results indicate that the experimental bearing friction power loss lies mostly between the predicted power loss calculated for 'π' and '2π' film presence for Short bearing theory. Mostly, the engine bearings operate more closely to cavitation conditions than fully flooded. 
